Abstract The extracellular matrix (ECM) plays a key role in cell-cell communication and signaling, and the signals it propagates are important for tissue remodeling and survival. However, signals from disease-altered ECM may lead to anoikis-apoptotic cell death triggered by loss of ECM contacts. Previously, we found that an altered fibronectin matrix triggers anoikis in human primary ligament cells via a pathway that requires p53 transcriptional downregulation. Here we show that this p53 reduction is suppressed by transfecting cells with Mdm2 antisense oligonucleotides or small interfering RNA. Similar results were found in cells treated to prevent p53 and Mdm2 interactions. When p53 was overexpressed in cells lacking Mdm2 and p53, p53 levels were unaffected by anoikis conditions. However, cells cotransfected with p53 and wild type Mdm2, but not a mutant Mdm2, exhibited decreased p53 levels in response to anoikis conditions. Thus, cells under anoikis conditions undergo p53 degradation that is mediated by Mdm2.
Introduction
The extracellular matrix (ECM) 1 provides structural integrity to tissues and organs. The ECM is important for cell adhesion and migration, serves as a conduit for cell-to-cell communication, and promotes cell survival by providing a structural matrix and reservoir for growth factors. However, changes in the ECM due to infection, inflammation, or metastasis may disrupt the homeostasis of the extracellular environment. Under such conditions, ECM proteins undergo proteolytic cleavage or alternative splicing, resulting in fragmented or altered forms [1] [2] [3] [4] [5] . These alterations lead to aberrant signaling in surrounding cells and catalyze further degradation of the matrix, exacerbating the disease. For example, disease-associated fibronectin fragments can cause anoikis and further tissue catabolism by inducing the expression of matrix metalloproteinases, nitric oxide, and proinflammatory cytokines [6] [7] [8] [9] [10] [11] [12] [13] [14] . The mechanisms by which ECM fragments elicit these adverse cellular effects may involve alterations in signaling processes and receptor regulation [13, [15] [16] [17] [18] , such as altered regulation and signaling via p53 and the c-Jun NH 2 -terminal stress-related kinases [13, 16, 17, 19] .
p53 is a tumor suppressor gene that plays a critical role in safeguarding the integrity of the genome [20] . It exerts tumor suppressor effects through various mechanisms, including cell-cycle arrest, apoptosis, and cellular senescence [21] . Given its pivotal role in coordinating cellular events in response to stress signals, its expression and activation are tightly controlled within the cell by ubiquitination, acetylation, phosphorylation, and other processes. Often, p53 regulatory networks are perturbed by stress signals, such as DNA damage, oncogene activation, hypoxia, and nitric oxide production, resulting in ubiquitination of p53 [22] . An important regulator of p53 is Mdm2 [23] . p53 and Mdm2 form a feedback loop in which p53 positively regulates Mdm2 by activating Mdm2 transcription and Mdm2 negatively regulates p53 by promoting its ubiquitination and degradation. Proteins destined for degradation in the proteasome are tagged with ubiquitin [24, 25] . Depending on the degree of ubiquitination, a protein may be activated or targeted for degradation in the proteasome [26] . Mdm2 functions as a ubiquitin ligase for p53. After ubiquitination by Mdm2, p53 is rapidly degraded by the proteasome.
Previously, we showed that an altered fibronectin matrix triggers anoikis in cells, and this process is mediated by decreases in p53 and c-Myc at the transcriptional and protein levels [2, 11, 15] . In these studies, we used the disease-associated fibronectin fragments that are found in chronic inflammatory fluids and are known to be important in the pathogenesis of chronic inflammatory diseases including arthritis and periodontal disease [1, 2, 5-7, 14, 15] . The disease-associated fibronectin fragment (AFn) or a control fibronectin fragment (cAFn) was expressed as recombinant protein and were purified and used in our studies. Thus, using these altered fibronectin matrices, we have extensively characterized this novel anoikis mechanism with respect to the involvement of p53, c-myc, focal adhesion kinase (FAK), JNK-1, and JNK-2 in our earlier publications [11] [12] [13] . We showed that signals emanating from an altered fibronectin matrix resulted in decreases in p53 and c-Myc levels that were propagated by decreased FAK phosphorylation and upregulated JNK phosphorylation. Our experiments showed that FAK is physically and spatially linked to JNK and p53, and p53 relocalizes from the nucleus to the cell membrane to mediate this interaction. Further, p53 participates in a feedback mechanism with JNK to regulate this cross-talk and p53 is oppositely regulated by JNK1 and JNK2. Nonetheless, the reductions in p53 promoter activity and mRNA levels did not explain the significant loss of p53 protein in cells exposed to the anoikis-inducing altered fibronectin matrix. In a recent study, we showed that the loss of p53 in cells exposed to anoikis conditions is in part due to enhanced ubiquitination of p53 [27] . In this study, we investigated the involvement of Mdm2, the other key regulator of p53, in the context of anoikis conditions.
Materials and methods

Fibroblast cell culture
Human primary ligament fibroblasts were isolated and cultured as described [12] . Their use in these studies was approved by the University of Michigan Health Sciences Institutional Review Board. p53-null fibroblasts were a gift from Dr. Gerard P. Zambetti (St. Jude Children's Research Hospital, Memphis, TN) [28] . p53/Mdm2-null fibroblasts were a gift from Dr. Gigi Lozano (University of Texas M.D. Anderson Cancer Center, Houston, TX) [29] . The primary fibroblasts were cultured in a-minimum essential medium (Invitrogen) and p53-null and p53/ Mdm2-null cells were cultured in high-glucose Dulbecco's modified Eagle's medium (Invitrogen); both media contained 10% fetal calf serum (Hyclone) and penicillin and streptomycin.
Plasmids/DNA constructs Human wildtype p53 expression plasmid pC53-SN3 and human Mdm2 pCMV were from Dr. Bert Vogelstein (Johns Hopkins University School of Medicine, Baltimore, MD) [30] . Mutant human Mdm2 pCHDMD222-437 expression plasmid was provided by Dr. Arnold J. Levine (Princeton University, Princeton, NJ) [31] .
Recombinant fibronectin proteins
For these studies, we used two previously described recombinant fibronectin fragments [10] that consisted of the alternatively spliced V region and contained either an intact (cAFn) or a mutated, nonfunctional high-affinity heparin-binding domain (AFn). The control fragment (cAFn), the mutated anoikis-inducing fragment (AFn), and intact fibronectin were used at a concentration of 0.1 mM.
Western blot analysis
For Western blot analysis, the cells were lysed in ice-cold RIPA buffer (Sigma) containing protease inhibitors (Sigma). Protein concentration was determined with the BCA protein assay kit (Pierce, Rockford, IL). Equal amounts of protein were loaded into each well and resolved by SDS-PAGE with 4-20% gels (Novex, Invitrogen) and electroblotted onto polyvinylidene membranes (Immobilon-P, Millipore, Billerica, MA) by semidry transfer blot (Biorad) according to the manufacturer's instructions. The membranes were incubated with 5% nonfat dry milk in 25 mM Tris, 150 mM NaCl, 0.05% Tween-20, pH 7.4 (TBST) for 1 h at room temperature and then with primary and horseradish peroxidase-conjugated secondary antibodies in blocking buffer at room temperature for 2 h or at 4°C overnight, washed with TBST and developed with the West-Pico ECL kit (Pierce). The primary antibodies were horseradish peroxidase conjugated mouse anti-human p53 (DO-1 HRP), and goat antihuman actin (I-19) (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit anti-human Mdm2 (AF1244, R & D Systems, Minneapolis, MN).
Transient transfection
Cells were plated in six-well tissue-culture plates at 60-80% confluency. One day later, the cells were transfected with 0.5 lg, 1 lg, or 100 ng of p53 or 400 ng of plasmids expressing the cDNAs for wildtype or mutant human Mdm2 using Lipofectamine 2000 (Invitrogen). Thirty-six hours after transfection, the cells were washed with phosphate-buffered saline (PBS), treated with the recombinant fibronectin fragments for 7 h, and processed for Western blot experiments.
Antisense experiments
Primary ligament fibroblasts were transfected with antisense Mdm2 oligonucleotides or Mdm2 small interfering RNA (siRNA). One day before transfection, the cells were plated at 60% confluency in six-well dishes. The Mdm2 oligonucleotides synthesized by Invitrogen have been described previously [32] : antisense, 5
0 -UGACACCTGTTCTCACU-CAC-3 0 ; control, 5 0 -UGTCACCCTTTTTCATUCAC-3 0 . These oligonucleotides were phosphorothioated at all positions to minimize intracellular degradation and increase stability [33] . The oligonucleotides were mixed with Oligofectamine (Invitrogen), incubated for 20 min, and added to the cells in serum-free medium. After 4 h, serum was added, and the cells were cultured for 36 h and then treated with the fibronectin fragments in serum-free medium. The siRNAs were from Dharmacon, NM_002392 (human Mdm2). Stealth RNAi Negative Control (Invitrogen) was used for control transfections. siRNA transfections were done with Lipofectamine 2000. Thirty-six hours after transfection, the cells were treated with fibronectin fragments in serum-free medium.
ELISA assay
Cells were pretreated with Nutlin and then treated with the fibronectin fragments or control media. Thereafter, all the cells were lysed and equal amounts of cell lysate protein were processed to quantitate apoptosis using the kit, Cell Death Detection ELISA PLUS (Roche) as recommended by the manufacturer.
Other reagents Nutlin, Mdm2 inhibitor (trans-4-iodo, 4
0 -boranyl-chalcone) and lactacystin were from Calbiochem. All other chemicals were from Sigma unless mentioned otherwise.
Results
Mdm2 is required for p53 degradation mediated by anoikis
Mdm2, an important regulator of p53 [23] , has a p53 binding pocket that is essential for its ubiquitin ligase activity [34] . To investigate the role of Mdm2 in p53 degradation in this mechanism, we used Nutlin to prevent Mdm2 from binding to p53 [35] . Treatment with increasing concentrations of this small molecule increased p53 levels in primary ligament fibroblasts (Fig. 1a, lanes 2-8) compared to the untreated cells (Fig. 1a, lane 1) . p53 stability was also enhanced in cells pretreated with different doses of Nutlin despite treatment under anoikis conditions for 7 h (Fig. 1b, lanes 5 and 6) .
To further test the importance of Mdm2 in this mechanism, we used trans-4-iodo, 4 0 -boranyl-chalcone, an Mdm2 inhibitor that also prevents Mdm2 from interacting with p53 [36] . This inhibitor induced concentration-dependent increases in p53 levels up to 20 lM; higher concentrations were toxic (Fig. 1c) . We next subjected cells to treatment with this Mdm2 inhibitor at two different doses and found that cells could be rescued from p53 degradation mediated by anoikis (Fig. 1d , lanes 5 and 6) than the untreated cells (Fig. 1d, lane 4) . These findings show that p53 degradation in response to anoikis requires a physical interaction between p53 and Mdm2.
To test whether inhibiting the interaction between Mdm2 with p53 could prevent anoikis in these cells, we pretreated the cells with Nutlin and then subjected them to the anoikis condition and thereafter quantified cell death using an ELISA assay. As shown in Fig. 1e , Nutlin pretreatment greatly reduced anoikis levels, indicating the importance of Mdm2 and p53 interactions in this mechanism.
Inhibition of Mdm2 expression prevents p53 degradation induced by anoikis
To further assess the requirement for Mdm2 in p53 degradation induced under anoikis, we transfected ligament fibroblasts with antisense oligonucleotides or siRNA to inhibit Mdm2 expression. p53 levels increased in a dosedependent fashion in cells transfected with Mdm2 antisense oligonucleotide (Fig. 2a, bottom, lanes 1, 4 , and 5) but were unchanged in cells transfected with control oligonucleotide (Fig. 2a, bottom, lane 10) . Importantly, cells transfected with the antisense oligonucleotide were resistant to p53 degradation triggered by anoikis (Fig. 2a,  bottom, lanes 3, 6, and 7) . Similarly, Mdm2 siRNA also caused a dose-dependent increase in p53 protein levels (Fig. 2b, bottom, lanes 1, 7, and 8 ) and reduced p53 degradation under anoikis conditions (Fig. 2b , bottom, lanes 5, 9, and 10).
To rule out residual Mdm2 activity and ensure complete stabilization of endogenous p53 in primary ligament fibroblasts transfected with Mdm2 siRNA, we pretreated the cells with lactacystin, a proteasome inhibitor. Lactacystin treatment resulted in higher p53 levels in untransfected cells (Fig. 2c, lanes 4-6) and cells transfected with Mdm2 siRNA (Fig. 2c, lanes 12-14) than in non-pretreated cells transfected with control siRNA (Fig. 2c, lanes 1-3) or Mdm2 siRNA (Fig. 2c, lanes 9-11) . Under anoikis conditions, lactacystin, and Mdm2 siRNA synergistically increased p53 stability in these cells, further confirming the importance of Mdm2 and proteasomal pathways in anoikis mediated p53 degradation.
Anoikis downregulates exogenous p53 Via an Mdm2-dependent pathway in p53-null cells To further explore the Mdm2 dependency in p53 degradation induced by anoikis, we overexpressed p53 in p53-null fibroblasts that have normal Mdm2 expression. As expected, p53 expression increased in a dose-dependent fashion with increasing DNA concentrations (Fig. 3a, lanes  4 and 5) . Anoikis conditions efficiently degraded the exogenously expressed p53 (Fig. 3a, lanes 8 and 9) .
Next, we cotransfected the p53-null cells with Mdm2 siRNA and wild type p53 and then induced anoikis. Transfection with Mdm2 siRNA decreased Mdm2 protein levels in a dose-dependent fashion (Fig. 3b, lanes 1-3 and  7-12 ). Mdm2 siRNA and wild type p53 cotransfection resulted in a dose-dependent increase in p53 (Fig. 3b, lanes (Fig. 3b, lanes 4 and 5) . In cotransfected cells, however, p53 was resistant to degradation induced by anoikis (Fig. 3b, lanes 9 and 10 vs. 
lane 5). p53 degradation induced by anoikis is reduced in Mdm2-null cells and cells expressing mutant nonfunctional Mdm2
To confirm the requirement for Mdm2 in p53 degradation, we used a fibroblast cell line deficient in both p53 and Mdm2. Transfection with p53 cDNA caused a dosedependent increase in p53 expression (Fig. 4a, lanes 4 and  5) . However, anoikis conditions did not reduce p53 levels (Fig. 4a, lanes 8 and 9) , which is consistent with a requirement for Mdm2 in this mechanism.
Finally, we transfected p53/Mdm2-null cells with wildtype p53, wildtype Mdm2 and a mutant Mdm2 (human Mdm2 D222-437) that binds p53 but cannot target it for proteasomal degradation [31, 37] , or a combination of these. As expected, coexpression of Mdm2 and p53 resulted in lower levels of p53 protein than overexpression of p53 alone (Fig. 4b, lanes 4 and 6) , and anoikis conditions caused a further reduction in p53 levels (Fig. 4b, lane 7) . However, in cells cotransfected with p53 and mutant Mdm2, anoikis conditions did not reduce p53 levels (Fig. 4b, lane 11) , which was similar to that in cells transfected with p53 alone (Fig. 4b, lane 4) . Control conditions (cAFn) did not affect p53 protein levels. Thus, degradation of p53 triggered by anoikis conditions is mediated through an Mdm2-dependent pathway. Discussion This study shows that primary fibroblasts under anoikis conditions exhibit Mdm2-mediated degradation of p53. Mdm2 is known to negatively regulate p53 by mediating its ubiquitination and subsequent degradation in the proteasome [37, 38] . Our previous observation that an anoikisinducing fibronectin matrix signals the degradation of p53 by ubiquitination [27] led us to inquire about the role of p53 regulatory molecules, i.e., Mdm2, in the downregulation of p53 under anoikis conditions. p53 and Mdm2 form a complex in many regulatory pathways, and several studies have focused on disrupting this complex formation using peptide or chemical inhibitors. Disruption of the p53-Mdm2 complex would lead to the stabilization of p53 and thereby apoptosis of cancerous cells. Indeed, several natural products and synthetic small molecules have been identified [34, 39, 40] for this purpose. In our experiments, we pretreated cells with Nutlin or an Mdm2 inhibitor, both of which block the p53 binding pocket of Mdm2 and prevent it from interacting with p53. As shown by Western blot experiments, each of these agents prevented p53 degradation under anoikis conditions. Furthermore, prevention of Mdm2-p53 interaction using Nutlin greatly reduced apoptosis in fibroblasts as determined by the ELISA assay. We then transfected cells with Mdm2 antisense oligonucleotides or siRNA. As expected, inhibiting Mdm2 expression resulted in accumulation of p53 in both untreated cells and cells under anoikis conditions. Although Mdm2 siRNA stabilized the p53 protein in treated cells, the p53 levels were lower than in cells treated with a proteasome inhibitor (Fig. 2c , lanes 4-6 vs. lanes 9-11). Proteasome inhibitor treatment of cells transfected with Mdm2 siRNA resulted in even greater stabilization of p53. There are at least two explanations for this observation. First, although siRNAs can inhibit the expression of their target proteins, they can be ''leaky'' in the sense that some fraction of the target protein gets expressed. For example, in this case a low level of Mdm2 was being expressed, which would ubiquitinate and degrade a small fraction of p53. Second, ubiquitin ligases other than Mdm2, such as COP1 and Pirh2, both of which interact with p53 [41] [42] [43] , might contribute to the downregulation of p53. A ubiquitinindependent proteasomal p53 degradation has also been discovered [44] and it would be interesting to evaluate the contribution of these pathways in our system.
To further validate the requirement for Mdm2 in p53 downregulation induced by anoikis, we used p53-null and p53/Mdm2-null mouse embryonic fibroblast cells. Transfecting p53-null cells with wildtype p53 gave a robust expression of the p53 protein, which was degraded when the cells were treated under anoikis conditions. When p53-null cells were cotransfected with Mdm2 siRNA and p53, the p53 level increased markedly, even in cells under anoikis conditions. When wildtype p53 was expressed in p53/Mdm2-null cells, treatment with the anoikis promoting fibronectin fragment had minimal effects on p53 levels, further supporting the need for Mdm2 in mediating the degradation of p53 in this process. However, when these cells were cotransfected with functional Mdm2, p53 was degraded by the anoikis promoting fibronectin fragment. Cotransfecting these cells with a mutant Mdm2, which can bind to p53 but cannot target it for degradation, resulted in higher p53 levels than that in cells transfected with wildtype Mdm2, even in the presence of the anoikis promoting fibronectin fragment.
Our result showing that anoikis mediated p53 degradation is Mdm2 and ubiquitin dependent is in agreement with previous findings that Mdm2 downregulates p53 by ubiquitination through the proteasome [45] [46] [47] . Interestingly, our western blot data in Fig. 4b showed that the mutant Mdm2, which can bind to p53 but cannot target it for degradation, gave the expected mutant Mdm2 band at the 37 KD position but also some high molecular weight bands. These high molecular weight bands can be attributed to other proteins, which can also associate with Mdm2, like the ribosomal protein S7, the tumor suppressor RASSF1A, Cul4A, insulin-like growth factor 1 receptor and cyclin G1 [48] [49] [50] [51] [52] and thereby form a complex with mutant Mdm2 that is detected with the anti-Mdm2 antibody. Recently, other than Mdm2, a wide variety of E3 ligases like COP1, Pirh2, and ARF-BP1 have been shown to regulate and maintain the level of p53 [41, 42, 53] . However, it is uncertain how these E3 ligases are specifically regulated and differentially activated in stressed and unstressed cells. Moreover, there are molecules like NAD(P)H quinone oxidoreductase 1 (NQO1) which regulate p53 degradation in the proteasome by a mechanism that is independent of Mdm2 and ubiquitin [54] . In future studies it may be promising to investigate whether there is potential cross-talk between these other molecules and Mdm2 towards the degradation of p53 in primary fibroblasts undergoing anoikis.
In summary, anoikis triggers the degradation of p53 by a mechanism that requires the association of p53 with Mdm2 leading to its ubiquitination and subsequent degradation by the proteasome. Since, inhibiting either the interaction of Mdm2 with p53 or the expression of Mdm2 resulted in decreased degradation of p53, these molecular pathways might represent potential therapeutic targets for inflammatory diseases like arthritis and periodontal disease that cause alterations in the ECM.
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